The nature of the process leading to the acellular nonperfused capillaries of diabetic microangiopathy remains unknown. Because these capillaries manifest thickened basement membranes, we asked whether the process causing deposition of excess extracellular matrix in diabetes modifies cell-matrix interactions in a direction that would compromise cell renewal. In 44 individual isolates of human umbilical vein endothelial cells we observed that high glucose concentrations (30 mM) induce coordinate increases in the levels of mRNAs encoding fibronectin and the fibronectinspecific integrin receptor as5fl as well as in the cognate proteins. Expression of the integrin subunit a3, component of the a3f81 polyspecific receptor for fibronectin, laminin, and collagen, was also up-regulated by high glucose. Overexpression of integrins correlated with increased cell attachment to exogenous fibronectin and laminin as well as to complex matrix. Moreover, cells exhibited firmer steady-state adhesion to their own matrix. To correlate these in vitro observations with events in human diabetic retinopathy we measured integrin levels in retinal trypsin digests prepared from 10 patients with 8.2 ± 1.6 (mean ± SE) years of diabetes and 10 age-and sex-matched nondiabetic controls. Microvessels of diabetic patients showed increased immunostaining for B13 integrin (P = 0.025) when compared with control microvessels. These data show that high glucose and diabetes increase integrin expression and thus alter the interaction of vascular endothelial cells with their basement membranes in the direction of firmer cell-matrix adhesion. This could compromise the migration and replication critical to the reendothelialization process and contribute to microvascular occlusion.
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The most characteristic chronic sequelae of diabetes mellitus (retinopathy leading to blindness, nephropathy leading to renal failure) are local manifestations of a widespread occlusive microangiopathy (1) (2) (3) . Histologically the nonperfused capillaries are acellular and surrounded by thickened basement membranes, which represent the identifying feature of diabetic microangiopathy (4) . The nature of the process leading to accelerated cellular demise and whether it relates to the accumulation of basement membrane material have remained outstanding issues (5) .
Among the modulatory influences exerted by the extracellular matrix on endothelial cells, some are specifically related to the amount of matrix. It has been shown that increasing concentrations of fibronectin and, to a lesser extent, of laminin and collagen IV reduce endothelial cell migration and replication (6) . Because these functions are critical to the reendothelialization process (6) , it could be hypothesized that diabetic vessels become occluded because excess matrix
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compromises prompt and efficient reendothelialization in the context of physiologic turnover or in response to injury.
The viability of the hypothesis depends upon the demonstration that the abnormal metabolic environment of diabetes modifies the interactions between cells and matrix in the direction of firmer adhesion. There is growing evidence that cell-matrix adhesion and interactions are mediated by a family of cell surface receptors (integrins) capable of modulating multiple cellular functions (7, 8) , and that up-regulated expression of matrix components and integrins are, upon certain perturbations, coordinate events (refs. 9 and 10; S. J. Braunhut, personal communication). In diabetes increased matrix deposition results, at least in part, from increased synthesis of matrix molecules (5), and hyperglycemia is likely to be a contributory stimulus since high glucose levels in vitro up-regulate the expression of fibronectin, collagen IV, and laminin in endothelial (11) and mesangial (12) cells and of collagen in pericytes (13) . Hence, if elevated ambient glucose were to modify not only the synthesis of extracellular matrix but also the synthesis or function of specific integrins, firmer cell-matrix interactions and abnormal cellular behavior could ensue.
To test this possibility we have examined in human endothelial cells exposed to high glucose and manifesting overexpression of basement membrane components (i) the expression of relevant integrins, (ii) their functional integrity, and (iii) integrin-mediated interactions between cells and their matrix. To correlate these in vitro studies to events in human diabetic microangiopathy, integrin expression was evaluated in retinal microvessels isolated from patients with diabetes and nondiabetic control subjects.
MATERIALS AND METHODS
Cell Culture. Human umbilical vein endothelial cells were cultured (14) in the presence of physiologic (5 mM) or elevated (30 mM) glucose concentrations. All experiments were performed in first passage cultures. Cells destined for high glucose treatment were seeded at density 30% greater than control cultures in order to study all cells from the same isolate at the same final density despite the replicative delay induced by high glucose (15) .
Northern Analysis. Total RNA was isolated (16) from confluent cultures and Northern blots (17) were hybridized to 32P-labeled cDNAs for human fibronectin (18) , collagen IV al chain (14) , integrin 831 and a5 subunits (fibronectin receptor ,l and a subunits, Telios Pharmaceuticals, San Diego), inte-9641 grin a3 subunit (19) , and ractin (20) . The y-actin signal was used to control for RNA loading (14) .
Immunoprecipitation. In several experiments cultures companion to those used for RNA extraction received methionine-free minimum essential medium (GIBCO) supplemented with 14% human serum for 2 hr. L-[35S]Methionine (1000 Ci/mmol; 1 Ci = 37 GBq; DuPont/NEN) was then added to the medium at 250 ,Ci/ml for 20 hr. The metabolically labeled monolayers were washed with cold phosphatebuffered saline (PBS) and extracted as described (21) . The extracts were preadsorbed twice with preimmune rabbit serum (Sigma) followed by protein A-Sepharose (1:3 slurry). Equal numbers of trichloroacetic acid-precipitable cpm from the supernatants of high-glucose and control cell extracts were incubated overnight at 4°C with 1 ,ul of anti-fibronectin receptor antiserum (Telios Pharmaceuticals), and the immune complexes were precipitated with protein A-Sepharose. The immunoprecipitated samples were resuspended in Laemmli buffer without reducing agents and electrophoresed on 6% SDS/polyacrylamide gel. Autoradiographic signals were quantitated by densitometry.
Attachment Assays. Cells were released from dishes by trypsinization and plated on either selected matrix components or complex matrix. For experiments on selected components, 96-well microtiter plates were coated overnight with human fibronectin (New York Blood Center, New York) or laminin (Telios Pharmaceuticals) at 2.5 ,ug/ml and postcoated with bovine serum albumin (BSA) to block nonspecific binding. The attachment assay was performed as described (22) ; attached cells were estimated by reading in a microtiter plate reader the absorbance at 630 nm of the toluidine blue released by addition of 2% SDS. Cultures companion to those used for each attachment assay were simultaneously harvested for RNA extraction.
Attachment to complex matrix was tested by seeding high-glucose or control cells (1.4 x 105 cells per dish) on matrix deposited by confluent cultures grown in physiologic glucose and freed of the cell monolayer by treatment with 1 mM EDTA and rapid agitation. After 30 min at 37°C, the attached cells were collected by trypsinization and counted in a Coulter Counter. Parallel experiments in which cells were seeded in empty plastic dishes provided a control for the presence and effects of matrix.
Adhesion Assays. Integrin-dependent steady-state adhesion of experimental and control cells was tested using EDTA because, among the known mechanisms of endothelial cell adhesion to matrix, only the integrin-dependent ones are sensitive to chelation of divalent cations (23, 24) . Subconfluent cultures were washed twice with PBS and exposed to 1 mM EDTA in PBS on an orbital shaker at room temperature with rapid agitation (144 rpm). At 15 and 30 min the detached cells were collected and counted, and the cells remaining adherent were trypsinized and counted.
Human Retinal Trypsin Digests. Retinas were obtained postmortem from 10 diabetic subjects (8 d and 2 9, aged 64 ± 1 yr, with 8.2 ± 1.6 yr of diabetes treated with insulin or a sulfonylurea) and 10 nondiabetic subjects (6 d and 4 9, aged 62 ± 2 yr), all Caucasian. Criteria for inclusion in the study were age <70 yr, duration of diabetes <15 yr in order to address mostly background retinopathy, and the fewest possible chronic pathologies other than diabetes. Criteria for exclusion were the presence of retinal or hematologic diseases, uremia, and the administration of chemotherapy or life support measures. The eyes were collected through certified eye banks and fixed in 10% buffered formalin within 24 hr of death. Trypsin digestion was performed after 48-120 hr of fixation according to the method of Kuwabara and Cogan (25) with minor modifications. The vessel preparations were set onto 3-aminopropyltriethoxysilane (Silane)-coated glass slides, air dried, and stored at -20°C.
Immunofluorescence. Each experiment included retinal trypsin digests from two or three diabetic subjects and an equal number of age-matched nondiabetic controls. The digests were soaked sequentially in glycine buffer for 30 min and in PBS/1% BSA for 45 min and incubated for 2 hr at room temperature in a moist chamber with a rabbit anti-human fibronectin receptor antiserum (Telios Pharmaceuticals) diluted 1:100 in PBS/1% BSA. After 3 washes in PBS the slides were exposed for 1 hr at room temperature in the dark to fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG (Miles), diluted 1:80 in PBS/1% BSA. The slides were washed in PBS as above, mounted in p-phenylenediamine, and immediately observed under a Zeiss Axiophot fluorescence microscope. In selected experiments we tested the binding of rat monoclonal antibodies (mAbs) AII B2 and BII G2 directed against the human 813 and a5 subunit of the fibronectin receptor, respectively (26) . The culture supernatants containing the antibodies were diluted 1:10 or 1:20 in PBS/1% BSA, and the FITC-conjugated anti-rat IgG (Sigma) was diluted 1:32. Negative controls (first antibody omitted or replaced by nonimmune rabbit serum) were included in each experiment.
Photographs (60-sec exposure) were taken of three or four representative fields of microvasculature in each preparation and were scored for prevalence and intensity of fluorescence on a scale of 0-4 by two independent observers blind to the identity of the subjects. The fluorescence of microaneurysms was not taken into account. The mean of scores assigned to the pictures of each sample was used in the summary and statistical analysis of the data.
Statistics. Data are summarized with the mean ± SE unless otherwise indicated. Differences in signal intensity (Northern blots, immunoprecipitation) induced by high glucose were analyzed with the Wilcoxon signed-rank test. Associations were analyzed with the Pearson's correlation coefficient after transformation of the data to logarithm values, the attachment studies with ANOVA followed by a multiple comparison procedure, and the adhesion studies and immunofluorescence scores of retinal microvessels with the two-tailed Student's t tests (paired and unpaired analysis, respectively).
RESULTS
Exposure of human endothelial cell cultures-each derived from a single umbilical vein-to 30 mM glucose elicited the expected (14) increase in steady-state levels ofthe fibronectin and collagen IV mRNAs and a seemingly coordinate upregulation ofthe mRNA encoding ,31 integrin (Fig. 1) . ,81 is the subunit common to a family of integrin heterodimers that function as receptors for matrix molecules and, in association with a5, constitutes a fibronectin-specific receptor (7). The study of fibronectin and its a561 receptor was extended to 44 isolates. In cultures exposed to high glucose for 17 ± 5 (mean + SD) days, and exhibiting at harvest a cell density (1. Medical
mRNA to 130% + 8% of control (P < 0.01 for all), whereas y-actin mRNA was unchanged (103% + 5% of control). As observed previously (11) , the occurrence and magnitude of biosynthetic responses to high glucose varied among isolates, but in individual isolates there was a significant degree of concordance in the response of the fibronectin and integrin transcripts to high glucose (Fig. 2) . The correlation coefficient for glucose-induced increase in fibronectin and integrin A3i mRNAs was 0.4 (P < 0.005), for fibronectin and a5 mRNAs it was 0.37 (P < 0.01), and for p1 and a5 mRNAs it was 0.55 (P < 0.001). The levels of mRNA encoding integrin a3-which in combination with P1 constitutes a polyspecific receptor for fibronectin, laminin, and collagen (7)-were also increased by high glucose (134% + 11% of control, P = 0.02). The glucose-induced increase in integrin subunit mRNAs was accompanied by increased synthesis of the respective proteins. Because under our immunoprecipitation conditions the 116-kDa band uniquely identifies the Pf subunit, it was possible to correlate in individual isolates the glucoseinduced changes in the rate of protein synthesis with the changes in mRNA levels. The correlation coefficient in a group of nine cultures (six showing 1,3 protein up-regulation by high glucose to 128% + 5% of control and three with no change) was 0.77 (P < 0.05).
Cells exposed to high glucose attached more readily than control cells to both fibronectin and laminin (P = 0.01) (Fig.  3) . Two lines of evidence indicated that the increased attachment was a consequence of up-regulated integrin expression. (i) Acute exposure to high glucose for 48 hr, which did not modify 1,3 (108% ± 9% of control) or a5 (100% ± 6% of control) mRNA levels, failed also to alter cell attachment to either fibronectin or laminin (Fig. 3). (ii) In individual isolates the magnitude of glucose-induced changes in attachment to fibronectin showed positive correlation with the magnitude of changes in mRNA levels for P3i (r = 0.8) and CY5 (r = 0.7). The attachment of cells grown in high glucose was also tested on complex matrix deposited by control monolayers. Within 30 min of seeding, 1.2 ± 0.1 x 105 high-glucose cells were attached to the matrix, in contrast to 0.9 ± 0.1 x 105 control cells (P = 0.01). Attachment to plastic (0.6 ± 0.09 x 105 cells) was significantly less than attachment to preformed matrix and identical for high-glucose and control cells.
To determine whether the increased adhesive properties of cells grown in high glucose were also manifested during the steady-state interaction with their matrix, subconfluent monolayers were challenged with EDTA and rapid agitation. Sparse to subconfluent monolayers were used to address integrin (C, x200), or a mAb against a5 integrin (D, x200). Shown is a comparison of diabetic (E and G, x 100) and control (F and H, x 100) trypsin digests treated with the fibronectin receptor antiserum. E and G correspond to diabetic subjects 10 and 4, respectively, in Table 1 ; F and H correspond to control subjects 10 and 3. Micrograph pairs (A and B, C and D, E and F, G and H) were obtained within the same experiment.
preferentially the Ca2+-dependent interactions between cells and matrix rather than those mediating cell-cell contact. Cultures exposed to high glucose and exhibiting cell density similar to that of paired controls showed resistance to EDTA treatment (P < 0.03) (Fig. 4) . The magnitude of resistance to EDTA was the same as that observed for reference cells plated 24 hr earlier on exogenous fibronectin. We tested if the effects of high glucose on integrin expression in cultured cells had a counterpart in human diabetic vessels. The trypsin digests prepared from retinas of diabetic patients showed typical lesions of background retinopathy: microaneurysms, pericyte ghosts, and occasional acellular capillaries. Immunostaining with an antiserum to the fibronectin receptor showed specific and diffuse fluorescence that highlighted the contour of the pericyte nuclei (Fig. SB) . The staining was attributable to reaction of the antibody with epitopes of the I31 integrin subunit because when mAbs specific for the 61 and a5 subunits, respectively, were tested, only the former yielded fluorescence comparable to that of the antiserum (Fig. SC) . No staining was observed for the a5 subunit in microvessels (Fig. SD) the basement membranes of retinal vessels are known to contain fibronectin (27) . Fluorescence intensity was greater in microvessels of diabetic subjects than of controls ( Fig. 5 E-H). The scores assigned to the individual specimens are reported in Table 1 ; the score for the diabetic group was 2.4 + 0.2 versus 1.8 ± 0.2 for the control group (P = 0.025).
Although semiquantitative, the data and the scoring system showed excellent reproducibility and consistency. The mean interassay coefficient of variation (specimens from the same retina tested in different assays) was 13%, and the correlation coefficient for the scores assigned to any given specimen by the two independent observers was 0.99.
DISCUSSION
We have shown that human vascular endothelial cells exposed to glucose concentrations mimicking those of uncontrolled diabetes develop abnormal interactions with the underlying extracellular matrix. The cells synthesize increased amounts of basement membrane components and of integrins 81, a5, and a3, attach more readily to exogenous fibronectin and laminin as well as to complex matrix, and exhibit firmer adhesion to endogenously synthesized basement membranes. Some of these events have a counterpart in human diabetes insofar as diabetic retinal capillaries, known to exhibit basement membrane thickening (1, 4) , also showed increased abundance of the P1 integrin receptor. The changes induced by both high glucose and diabetes were of small magnitude, but such is likely to be the nature of changes that drive the indolent course of diabetic microangiopathy. High ambient glucose-whose effects on matrix overexpression are not mediated by hypertonicity (11)-appears to belong to a group of perturbations capable of coordinately up-regulating the expression of extracellular matrix components and their integrin receptors. These perturbations include, besides high glucose, transforming growth factor ,B (TGF-/3) (9, 28) , retinoids (ref. 10 ; S. J. Braunhut, personal communication), and cAMP (T.R. and M.L., unpublished observations). Whether and to which extent these agents share pathways of signal transduction is for the moment unclear (14, 28, 29) . However, the similarity between the effects of high glucose and cAMP (which is known not to mediate the effects of high glucose; ref. 14) suggests that the mechanism for coordinate regulation of matrix molecules and their receptors may be a distal point of convergence for several independent signaling cascades. The response ofboth fibronectin and integrins to TGF-P appears to occur at the level of transcription (28) , but whether coordinate regulation is based on shared TGF-,-responsive elements in the different promoters is unknown. The fibronectin overexpression induced by high glucose is also a transcriptionally mediated event (11) , but the locus of regulation of the concomitant integrins overexpression has not been studied.
It is noteworthy that the agents that exhibit the same effects of high glucose on extracellular matrix and integrin synthesis are agents that in many cell types favor differentiation over proliferation (28) (29) (30) (31) . In fact, there is evidence that the up-regulated synthesis of matrix and integrins is, in itself, a critical determinant of decreased cell proliferation. In agreement with the fact that excess amounts ofcertain matrix components hamper endothelial cell proliferation (6), the abundant extracellular matrix synthesized by endothelial cells treated with TGF-p (32) or retinoids (10) inhibits the replication of normal endothelial cells plated on such matrices. The TGF-,/induced inhibition of normal kidney cell proliferation can be prevented by degradation of the overly secreted collagen (33) . Overexpression of the a5,f1 fibronectin receptor induced by transfection or selection reduces cell migration and proliferation (34, 35) . The latter observation, coupled with the knowledge that the extracellular matrix signals to overlaying cells through integrin receptors (8) , suggests that it is the increased availability/synthesis of integrins that mediates the antiproliferative effects of excess matrix. Ligation of integrins activates intracellular pathways implicated in growth control (36, 37) , and it will be important to define how the signaling is modulated by quantitative changes in matrix, integrins, or junctional assemblies.
Within this perspective, our observation of increased 3il integrins in the retinal vessels ofthe diabetic patients suggests that the endothelial cells of these vessels may have a reduced capacity to migrate and replicate. The studies on replicative activity of microvascular cells in experimental diabetes have yielded heretofore conflicting data (5), but endothelial cells exposed to high glucose in vitro manifest an impaired migratory response to wounding (38) and decreased replication temporally related to the onset of increased matrix synthesis (11) . These abnormalities could contribute to the development of microvascular occlusions in diabetes because in capillaries more than in large vessels the death and loss of a single endothelial cell-often by itself enclosing the lumencould result in a thrombogenic site if spreading, migration, and replication of adjacent cells are impaired. If it is true that the turnover of endothelial cells is low in retinal vessels (39) , it is also true that the development of nonperfused retinal vessels is a phenomenon requiring years of poorly controlled diabetes (40) .
We have previously reviewed the reasons pointing to compromised cell renewal as a mechanism for the acellular vessels of diabetic retinopathy (5) . We have now provided evidence for changes in cell-matrix interactions induced by high glucose and diabetes that could cause compromised cell renewal and link this critical abnormality to the apparently benign process of basement membrane thickening.
